Pao, and compliance is recruitment of gas exchange airspaces and prevention of terminal airway closure.
INTRODUCTION
The effectiveness of ventilation with positive endexpiratory pressure (PEEP)' in raising arterial oxygen tension (Pao2) in patients with severe, acute respiratory failure has been increasingly recognized since the report by Ashbaugh, Petty, Bigelow, and Harris (1) . It is generally agreed that improvement in oxygenation and the effect on cardiac output appear to be related to the magnitude of PEEP and the resultant increase in functional residual capacity (FRC) (2, 3) . However, the response of the individual patient to different levels of PEEP has not previously been reported and data are lacking on the associated changes in pulmonary compliance. Thus, if the increase in FRC results from recruitment of terminal airspaces (alveoli or small airways, or both) one would expect lung compliance to rise (4) . Conversely, if overdistention of open airspaces is the predominant event, then no change or even a fall in pulmonary compliance should become apparent.
This study was carried out to clarify qualitatively and quantitatively the effects of mechanical ventilation with different levels of end-expiratory pressure on the circulation, lung volume, and blood-gas exchange in patients with severe respiratory failure. Based on these findings, it was our intent to characterize an optimal magnitude of end-expiratory pressure for the individual patient that will result in a minimal disturbance to cardiopulmonary function. all of whom had severe respiratory failure necessitating mechanical support of ventilation. The criteria for considering the use of PEEP in the pattern of ventilation were as previously described (3), i.e., inability to maintain Pao, at acceptable3 levels during IPPV when the inspired fraction of oxygen (Fio,) was-0.5 or higher. The initial PaO during IPPV (i.e., with zero end-expiratory pressure) and an FxO2 of 1.0 was less than 300 torr in all patients and less that 65 torr in six. All patients were ventilated with a volume preset ventilator4 through a cuffed endotracheal or tracheostomy tube. Each patient was studied in the semirecumbent position with the trunk elevated approximately 350 from the horizontal plane. The inspiratory-to-expiratory time ratio ranged from 0.3 to 0.9, the respiratory frequency from 9 to 18/min and the tidal volume from 8.9 to 24.1 ml/kg body wt (2.9 to 6.2 ml/cm height). A positive end-expiratory plateau pressure was pro- 2 Characteristic for all patients included in this study was a marked improvement in Pao2 when PEEP was added to the regimen with intermittent positive pressure ventilation (IPPV). They are representative of the approximately 100 patients per year who require treatment with mechanical ventilation and added PEEP or 10% of the total number of patients treated yearly with prolonged mechanical ventilation in our institution. A small number of patients with severe, acute respiratory failure and a large right-to-left shunt respond to mechanical ventilation with PEEP by showing no change or even a fall in Pao2. Three such patients have been described (3); three additional patients have been seen who have failed to show an improvement of oxygenation when high levels of PEEP were applied. We have not been able to identify a common clinical or pathological denominator. 3 An acceptable Pao2 is an arbitrary value determined for each patient on the basis of age, systemic disease, cardiovascular performance and, above all, stability of arterial oxygenation. We have considered a value below 70 torr as unacceptable.
The Emerson Postoperative Ventilator (Emerson Respirator Iron Lung Co., Cambridge, Mass.) was used in eight patients and the Bennett MA-1 ventilator (Bennett Respiration Products, Inc., Santa Monica, Calif.) in two patients (Nos. 3 and 4) . duced with a gas-collecting manifold' attached to the expiratory port of the ventilator (Fig. 1 
where AFRC = change in functional residual capacity between 0 and 5 or 0 and 15 cm H20 PEEP. Total dynamic (Cd9) and static compliance (Cstatt) were calculated in a similar manner using transrespiratory system pressure changes. Cardiac output, inspired oxygen concentrations, and arterial blood gases were measured as previously described (3).
RESULTS
The clinical details are listed in Table I ; mean values for gas exchange, hemodynamic performance, and pulmonary mechanics are given in Table II 
Effect of PEEP on hemodynamic performance
The hemodynamic response to ventilation with PEEP varied from patient to patient, as shown in Fig. 2 . Mean values for cardiac index, systemic arterial blood pressure, and systemic vascular resistance showed no correlation with the level of PEEP or mean airway pressure. Central venous pressure (CVP) did show a small but significant increase with each rise in end-expiratory pressure (Table II) . Cardiac index fell progressively with each level of PEEP in one patient (No. 7, Fig. 2 ) with severe pneumonia and marked limitation of myocardial function (Table I) Effect of PEEP on blood gas exchange Arterial Po2 rose linearly with each step increase in end-expiratory pressure (mean increase: 13 torr/cm H20 PEEP) (Table II) . A small, but significant rise in Paco2 (2.2 torr) was recorded when PEEP was increased from 10 to 15 cm H20 and corresponded to a simultaneous small decrease in minute ventilation due probably to an increased gas leak from the ventilator.
Effect of PEEP on FRC (Fig. 3, Table III ). Control FRC (in per cent of predicted normal for the supine position and assumed to equal 80% of the value in the upright position [10] ) was low in six of the seven patients in whom it was measured (mean ±SD: 1.48 ±0.78 liters) and rose essentially linearly with PEEP.
The mean rise at 15 cm H20 PEEP was 0.8440.33 liter or 0.056 liter/cm H20 PEEP. In two patients (Nos. 4 and 6) FRC reached its predicted value at 15 cm H20 PEEP. One patient with chronic bronchitis and bronchiectasis had a normal FRC despite a low Pao2.
In all patients studied, each step increase in FRC was followed by a rise in Pao2 (Fig. 3) .
Effect of PEEP on compliance (Fig. 4) . 
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Falke, Pontoppidan, Kumar, Leith, Geffin, and Laver Mean ±-SD, correlated t test was used to determine the significance of the changes.
* P < 0.05, ** P < 0.01. Significantly different from value with any other level of end-expiratory pressure, with P as indicated.
I P < 0.05, At P < 0.01. Significantly different only from value on 10 cm H20 end-expiratory pressure, with P as indicated. Pressures in cm H20; VT, and AFRC in liters. All pressures were obtained in succession; the negative transpulmonary pressures may result from the semirecumbent position of the patient and a balloon volume of 0.4 ml (Milic-Emili et al. [6, 7] 
DISCUSSION
This study of hemodynamic adjustment and lung function during mechanical ventilation and end-expiratory pressure (PEEP) has shown that moderate levels of PEEP (5 cm H20) have little or no effect on cardiac index in patients with acute respiratory failure. This is consistent with the findings of McIntyre, Laws, and Ramachandran (2) who found no fall in cardiac index in five similar patients with plateau end-expiratory pressure of 5 cm H20. However, the constancy of mean cardiac index when PEEP is elevated further to 10 and 15 cm H.O is at variance with our previous findings. index from 4.5 to 3.6 liters when an average level of 13 cm H20 PEEP was reapplied after 30 min of IPPV.
In the present study end-expiratory plateau pressures were produced without the use of expiratory flow impedance ( Fig. 1) (Fig. 2) shows that the cardiac index fell in the majority of patients, and that the mean value is raised considerably by the disproportionate increase in cardiac index which occurred in patients Nos. 2 and 10.
A stereotyped hemodynamic response to application of PEEP cannot be expected since both the relationship between available blood volume and capacity of the intravascular bed (12) as well as the type of underlying lung disease (13) PEEP may produce regional changes in lung volume with redistribution of blood flow to ventilated-perfused and ventilated, nonperfused parts of the lung (17, 18) . Third, an alteration of pulmonary mechanics may lead to improved gas distribution.
The low FRC observed in this and other studies (2, 3) is characteristic of patients with acute respiratory failure and large intrapulmonary right-to-left shunt (Qs/OT). It is not known whether the low FRC is an artifact produced by the presence of a small communicating gas volume, i.e., closure of conducting airways with gas trapping, or closure of terminal gasexchanging air units. Although the evidence is incomplete, we favor the latter for the following reasons. First, as shown by Kumar et al. (3) when PEEP is discontinued abruptly, arterial Po2 falls sharply within 1 min. Small airway closure (19) with subsequent absorption of trapped gas and atelectasis (20) may explain the subsequent, more gradual diminution in Pao2.
Second, if the airway pressure generated exceeds the opening pressure of distal conducting airways during helium equilibration by manual ventilation (see Methods), then intermittent opening would allow helium wash-in to distal airspaces, and this volume will be included in the FRC measurement. Furthermore, during ventilation with 100l% oxygen, intermittent airway closure and gas trapping during part of the respiratory cycle will not lead to pronounced right-toleft shunting since fresh oxygen will enter gas-exchanging airspaces with each breath. If, on the other hand, peak inspiratory airway pressures are below critical opening pressures for small, conducting airways, a reduction in Qs/QT after the application of 5-10 cm H20 PEEP would be difficult to explain. The data are inadequate to resolve the problem.
PEEP and compliance. Inspection of the pressure volume loops (Fig. 6A and B) reveals two changes when PEEP is elevated from 0 to 15 cm H20. First, a line joining the end-expiratory, static points of the loops describes a curve with a rising slope. This was apparent in six of seven patients, and is interpreted as evidence for an increase in static compliance with rising levels of PEEP, probably secondary to recruitment of terminal airspaces (4) . The consistent increase in Cstatt is well illustrated in Fig. 4 In five patients the inflation limb of the pressure volume loops recorded during ventilation with PEEP were less convex towards the pressure axis than during IPPV (Fig. 6B) . Such changes in convexity probably reflect a diminution in flow-resistive pressure and the altered static pressure-volume behavior of a lung when inflation is associated with recruitment of closed units. We conclude, therefore, that a decrease in airway resistance, or diminished closure of lung units, or both, does take place when FRC is increased with PEEP. Patient No. 4 (Fig. 6A ) who demonstrated the greatest rise in Pao2, showed no visible change in the inflation portion of his loop and only a small increase of the relatively high Cstat,. Another mechanism which may have contributed to the large increase in Pao2 includes the redistribution of blood flow secondary to regional changes in lung volumes (17, 18) 
